Abstract-Uncertainties of the order of 8 % in the accuracy of lithography used to define co-planar waveguides on ferroelectric thin films lead to a similar uncertainty in the value of relative permittivity of the film extracted from measurements. When such films are used as the tunable elements in a tunable composite right/left handed leaky wave antenna, such variations of the capacitance of the varactors can lead to a reduction in radiation and total efficiency around of the order of 1 dB in 5 dB due to the appearance of a bandgap in the frequency response.
I. INTRODUCTION
The exploitation of ferroelectric thin films in voltagetunable microwave devices such as delay lines and filters [1] is based upon the large, non-linear decrease of the relative permittivity with electric field. This property may also be used to develop tunable antennas, with most realizations focusing on tuning elements within a patch structure [2, 3, 4] . Tunability in antennas enables multi-functionality without multiplication of components [5] . Leaky wave antennas [6] provide one steerable main beam with high directivity over a certain frequency range without requiring phase shifters. An antenna which can support both forward and backward travelling waves, such as composite right/left handed structures, can steer the main beam from the backward to forward through broadside smoothly with increase of the working frequency. The antenna described here is designed to enable beam scanning from -60 0 in the backward quadrant to +60 0 in the forward quadrant with respect to the direction of wave propagation. The tunability is enabled by use of thin film ferroelectrics as flip-chip varactors. Design work requires knowledge of the relative permittivity of the ferroelectric films as a function of electric field bias.
A common method of characterization of thin film ferroelectrics in the frequency range 1-110 GHz is to pattern co-planar waveguide transmission lines onto the surface. Measurements of the microwave scattering parameters (S-parameters) of these waveguides yield the complex impedance and propagation constant [7] . The dielectric properties of the line have been extracted by fitting models of the propagation constant to the experimental data, models including analytic calculations [8, 9] or simulations [10] . The uncertainties in the calculated propagation constant and extracted relative permittivity have been shown to be dominated by the accuracy of the lithography defining the lines and the conductivity of the conductors; the thickness of the dielectric became more significant as the lithography process was improved. The contribution of metal losses was shown to be weaker at higher frequencies than at low frequencies; at higher frequencies the skin depth is shorter than the smallest dimensions of the conductors [8, 9] . Alternatively, the shunt capacitance and conductance per unit length of the line have been combined with finite-element models [11] and conformal mapping models [12, 13] to determine the relative permittivity and loss tangent of the film. The accuracy of lithography dominated the uncertainty in the capacitance leading to a standard deviation in the relative permittivity of 25 % [14] . Systematic errors associated with conformal mapping when the gap between the signal and ground lines of the co-planar waveguides is comparable with the thickness of the film have been reported [15] . For wide gaps, consistency between resonator, co-planar waveguide and capacitance measurements has been demonstrated [16] .
The purpose of the present work is to evaluate the impact of random uncertainties in measurements of the relative permittivity of thin films on the design of microwave devices. There are six resonances in S 11 when the electrical length of the line is equal to a whole number of quarter wavelengths, at 7.2, 13.2, 20.3, 26.6, 33.5 and 39.9 GHz. At these points the imaginary part (and phase angle) passes through zero. There are three half-wavelength resonances in S 21 at 13.2, 26.6 and 39.9 GHz. Figure 4 shows the line impedance calculated from the S-parameters on the (rhombohedra, right hand axis) and the extracted permittivity (circles, left hand axis). The linelength resonances lead to divergences in the impedance and hence in the extracted permittivity, as the phase velocity is zero at resonance. The rise in the impedance towards low frequencies is due to the self-inductance of the conductors, the current becoming distributed across the cross-section of the conductors when skin depth becomes comparable with the thickness of the metal. An analysis of the values of the extracted relative permittivity of the film shows a mean value of 940 with a standard distribution of 1.6 %; although the distribution is not a "good" Gaussian this is a useful figure for comparison with later results. There is a 6 % systematic error in the calculated permittivity, which is typical for this method.
Analysis of the same S-parameter data but in which the gap width between the centre conductor and ground plane was chosen from a random distribution of mean 25 Pm and standard deviation 2 Pm during extraction of the relative permittivity of the thin film yielded a Gaussian distribution of values of H r,f . At a frequency of 3.9 GHz, the mean value is 936 and the standard deviation 79.5. This must be compared with the standard deviation in measurement data, including the resonances, which is of the order of 8-10 %. As expected, the systematic error is not substantially changed but the random uncertainty is greatly increased. The fractional standard deviation in relative permittivity values is comparable with that of the line width. There is little frequency dependence in the distribution of extracted relative permittivity. The antenna was designed to be in the balanced condition when H r,f = 1000 for both varactors BST1 and BST2. The results of simulations of the antenna performance for this balanced condition are presented in Figure 5 . The desired pass band is clear with insertion loss near 3 dB and reflection loss greater than 10 dB. As the frequency is increased within the stop band, the antenna steers the main beam from the backward to the forward direction through broadside smoothly. Figure 6 shows the S-parameters and radiation efficiency in an example unbalanced condition when for BST1, H r,f = 1070 and for BST2, H r,f = 930, approximately one expected standard deviation away from the nominal value. When unbalanced, the performance of both S 11 and S 21 is degraded. A stop band appears 3.43 GHz which degrades the radiation efficiency and the total efficiency at broadside.
IV. CONCLUSIONS
Uncertainties in lithography used to define co-planar lines used in the dielectric characterisation of ferroelectric thin films at microwave frequencies can be significant contributors to the overall uncertainty budget. The effect of such uncertainties on the performance of an antenna is noticeable. If the design is performed assuming "minimum likely" values of the relative permittivity and capacitance, for example a 95 % confidence level, then voltage tuning should allow fabricated devices to be brought to into specification.
